Overexpression of BMI1 correlates with cancer development, progression, and therapy failure; however, the underlying molecular mechanisms remain to be fully elucidated. Using the C666-1 nasopharyngeal cancer (NPC) model, the role of BMI1 in mediating response of NPC cells to radiation therapy (RT) was investigated. The results showed a novel radioresistance function for BMI1 in NPC, wherein BMI1 depletion sensitized NPC cells to RT. Cell cycle analysis and transmission electron microscopy (TEM) showed apoptosis as the major mode of cell death, and the mitochondria as a primary targeted cellular organelle. Genomewide microarray and pathway analyses revealed that the P53 pathway is a critical mediator of this process. Cotransfection with siP53 rescued C666-1 cells from cytotoxicity upon BMI1 depletion and RT, thereby corroborating the role for P53. Pretreatment with the antioxidant, Trolox, inhibited apoptosis, indicating that production of reactive oxygen species (ROS) is also mediating cytotoxicity. In vivo, BMI1 depletion combined with RT abrogated tumor-forming capacity in SCID mice, showing the relevance of this process in a more complex tumor environment. Hence, we show a novel role for BMI1 in conferring radioresistance in cancer cells through the downregulation of p53-mediated apoptosis. These results suggest a potential strategy of BMI1 depletion combined with RT for tumors wherein BMI1 appears to be driving disease progression.
10,11
Nasopharyngeal carcinoma (NPC) represents a subset of head-and-neck epithelial cancers, which is treated by radiation therapy (RT) for early disease, or combined with chemotherapy for locally advanced NPC. Despite progress in NPC management, a significant proportion of NPC patients (43%) will still develop distant metastases within 2 years, 12 underscoring the need for an improved understanding of the molecular mechanisms underlying therapy failure.
Overexpression of BMI1 has been previously associated with reduced survival in NPC patients treated with RT. 7 In this study, we evaluated the expression of BMI1 in primary NPC tissues and xenograft tumor models, and also investigated the role of BMI1 in resistance of NPC cells to RT. Our data showed the overexpression (X2-fold) of BMI1 transcript in 70% of primary NPC specimens, and 100% of xenograft tumors. Importantly, a novel role for BMI1 in conferring radioresistance in NPC was identified, wherein BMI1 depletion significantly increased radiation sensitivity of NPC cells. Genome-wide microarray analysis of cells, depleted of BMI1 and exposed to RT, combined with experimental validation showed that the p53 pathway and reactive oxygen species (ROS) production are critical mediators of this process. Thus, our data are the first to elucidate a molecular mechanism by which BMI1 confers radioresistance in NPC.
Results
BMI1 is overexpressed in primary NPC tissues. BMI1 expression was evaluated in 17 primary human NPC biopsy specimens, and in 3 NP xenograft tumors, showing the overexpression (X2-fold) of BMI1 transcript in 12 out of 17 primary biopsies, and in all 3 xenograft tumors ( Figure 1a) . Overexpression of BMI1 protein in primary NPC samples was confirmed by immunohistochemistry (Figure 1b) , whereas adjacent normal cells showed negative or low expression of BMI1. Using immunofluorescent microscopy, the C666-1 NPC cells showed nuclear expression of BMI1 (Figure 1c ).
BMI1
knockdown sensitizes C666-1 cells to radiation. BMI1 expression has been reported to be associated with significantly reduced patient survival after RT with or without chemotherapy, 7 implying that BMI1 overexpression might be mediating radioresistance. To address this possibility, C666-1 cells were transfected with small interfering RNA targeting BMI1 (siBMI1), or control siRNA (siCtrl). SiBMI1 showed 490% reduction in BMI1 transcript level, observed at both 48 and 72 h posttransfection (Figure 2a ), which resulted in undetectable BMI1 protein expression (Figure 2b ). Persistent knockdown of BMI1 transcript was also observed on day 4 and day 6 post-transfection (Supplementary Figure 1) . Under those experimental conditions, C666-1 cells were equally transfectable with siCtrl and siBMI1 (Supplementary Figure 2) . BMI1 knockdown alone was associated with only a modest reduction in cell viability (Figure 2c ), but when combined with RT (6 Gy), a significant increase in cytotoxicity was observed, with 32% viability for siBMI1 plus RT versus 65% viability for siCtrl plus RT (P ¼ 0.0002). A dosedependent increase in radiation cytotoxicity was observed following transfection with increasing concentration of siBMI1 (Figure 2d ), which was determined to be a synergistic interaction on further analysis (Supplementary Figure 3) .
BMI1 knockdown in combination with RT induces apoptosis. Cell cycle analysis was then conducted on C666-1 cells, which showed a 15% sub-G0 population (apoptosis) in siBMI1, compared to 4% in siCtrl-treated cells, 4 days post-transfection (Figure 3a) . When BMI1 knockdown was combined with RT, the proportion of apoptotic cells increased to 22%, while mock or siCtrl treated cells combined with RT showed no significant change in the apoptotic fraction. This increase in apoptosis was associated with induction of caspase-3-7 activity by 41.5-fold, when BMI1 depletion was combined with RT, observed as early as 24 h post-RT (Figure 3b ). Induction of apoptosis was also confirmed by DAPI staining and visualization of cells showing morphologic features of apoptosis (data not shown). Consistent with these data, overexpression of BMI1 in normal oral epithelial (NOE) cells led to an increase in radiation resistance compared with cells transfected with control plasmid (Supplementary Figure 4) . BMI1 depletion induced increase in phosphorylated histone H2AX (c-H2AX) staining following RT. g-H2AX is commonly utilized to assess DNA double strand breaks DSBs) inflicted by RT. 13 When C666-1 cells were depleted of BMI1, 15 min after RT exposure, g-H2AX staining (Figure 3c ) was observed in 18% of cells, versus 11% for the siCtrl plus RT population (P ¼ 0.05). Recovery kinetics of DNA repair, as indicated by loss of g-H2AX staining over time, was similar between the siBMI1-and siCtrl-treated cells except at 24 h post-RT, wherein a second peak of g-H2AX staining was observed only in the siBMI1-treated cells (17 versus 7% for the siCtrl-treated cells; P ¼ 0.01). When visualized in greater detail using fluorescent microscopy, it was evident that at 24 h post-RT, g-H2AX expression was only observed in the cells undergoing apoptosis, as shown by chromatin condensation and DNA fragmentation (Figure 3d ). This phenomenon has been reported by others wherein g-H2AX staining can be observed during the early stages of apoptosis.
14 Transmission electron microscopy (TEM) showed apoptosis and mitochondrial death in BMI1-depleted cells, and exposed to RT. To acquire greater cellular detail on the effects of these treatments, TEM was conducted, showing normal subcellular morphology and healthy mitochondria for the siCtrl plus RT cells at both 24 and 48 h post-RT (Figure 4a and c) . In contrast, siBMI1 plus RT-treated cells exhibited early stages of apoptosis manifested by nuclear and mitochondrial condensation, although the nuclear membrane remained intact (Figure 4b ). There were progressive aberrations observed at 48 h, whereby siBMI1 plus RT cells showed a marked increase in chromatin condensation, nuclear and mitochondrial swelling, and formation of intracytoplasmic vacuoles, associated with loss of nuclear membrane integrity (Figure 4d ).
Microarray analysis revealed significant enrichment for the p53 pathway in siBMI1 plus RT cells. To elucidate the molecular mechanisms underlying this process, wherein BMI1 depletion enhanced radiation sensitivity, microarray analyses were conducted on BMI1-depleted cells (for 48 h), with or without RT (4 Gy). Total RNA was collected from such treated cells on day 3, then hybridized onto the Affymetrix array (HG-U133 plus 2.0). Using a twofold cutoff compared with control cells, several hundred genes were differentially expressed upon BMI1 depletion, with or without the addition of RT (Supplementary Tables 1 and 2 ). As BMI1 is a transcriptional repressor, we focused on transcripts that were upregulated in either the siBMI1 or siBMI1 plus RT cells (Figure 5a ). BMI1 depletion alone upregulated 14 transcripts by X2-fold, compared with control cells, which upregulated 505 genes upon the addition of RT (Figure 5a CCNG1, LAMP2, and CRI1) identified from the microarray data; corroborating their respective over or underexpressions ( Figure 5b ). Pathway analysis of the differentially expressed genes in the siBMI1 plus RT group revealed significant enrichment for genes in the P53 signaling pathway (P ¼ 7.7 Â 10 À7 , Figure 5c ). Several of these P53 targets are known to be involved in induction of apoptosis and cell cycle regulation (Figure 5d ). We sought to determine whether expression of these P53 target genes was critically dependent on the presence of P53. To that end, C666-1 cells were transfected with siCtrl, siBMI1, or siBMI1 plus siP53, then exposed to RT to examine for expression of representative P53 targets (DKK1 and TP53I3). Figure 5e shows that co-transfection of siBMI1 and siP53 with RT led to significant reduction in DKK1 and TP5313 expression level (below basal), compared with siBMI1 plus RT. Knockdown of p53 is corroborated by undetectable P53 protein level using western blotting (Figure 5f ). Taken together, these data clearly indicate that P53 is a critical mediator of cytotoxicity in NPC cells treated with siBMI1 plus RT.
Induction of cell death in BMI1 knockdown plus RT is dependent on P53, and involves production of ROS. To further assess the involvement of P53 in mediating cytotoxicity in cells depleted of BMI1 and exposed to RT, siRNA was utilized to simultaneously knockdown the expression of BMI1 and P53 before exposure to RT. As shown in Figure 6a , transfection of C666-1 cells with siP53 followed by RT led to a slight increase in viability compared to transfection with siCtrl. Importantly, siP53 co-knockdown with siBMI1 before RT rescued C666-1 cells, thereby corroborating the role of P53 in mediating cytotoxicity. To further investigate the role of P53 in mediating cell death or apoptosis, further experiments were conducting using the human UT-SCC-8 laryngeal squamous cancer cell line, which does not express P53 by western blot (Figure 6b ). Transfection of UT-SCC-8 cells with siBMI1 led to a substantial reduction in BMI1 transcript level ( Figure 6c ); yet, no difference in apoptosis was observed with siCtrl or siBMI1-treated cells plus RT (Figure 6d ). Concordantly, no difference in cell viability was observed (data not shown). Taken together, these data supported the conclusion that induction of apoptosis or cell death in siBMI1 plus RT C666-1 cells is dependent upon an intact P53. One major mechanism of RT-induced cytotoxicity is mediated through production of ROS. 15 Indeed, several upregulated genes in siBMI1 plus RT-treated cells are involved in oxidative stress (PXDN, TP53I3, SESN2, SESN1, CLN8, and HMOX1). To assess whether induction of apoptosis in the C666-1 system is mediated through the production of ROS, the ability of Trolox, 16 a widely used antioxidant, to inhibit apoptosis was examined. As shown in Figure 6e , treating C666-1 cells with 0.2 or 1.0 mM Trolox before RT significantly reduced apoptosis in siBMI1 plus RT-treated cells to 18 and 15%, respectively, in contrast to 22% for pre-RT exposure to DMSO, showing that ROS production also mediated apoptosis in this process.
BMI1 depletion and RT completely abrogates tumorforming potential in C666-1 cells. To assess the long-term consequences of BMI1 knockdown in NPC, C666-1 cells were transfected with siBMI1 or siCtrl, and then exposed to 0 or 6 Gy RT, followed by implantation into SCID mice, to monitor the tumor growth. Cells depleted of BMI1 showed no difference in tumor-forming capacity compared with siCtrl treated cells (Figure 6f) , consistent with the modest in vitro effect (Figure 2c ). Radiation delayed tumor formation by approximately 40 days; remarkably, BMI1 depletion combined with RT completely prevented tumor formation in C666-1 cells, followed for more than 6 month, translating into a 100% survival rate (Figure 6g ).
Discussion
Despite recent advances in cancer management and therapy, local or distant tumor recurrences remain a major clinical challenge. Several studies have correlated the overexpression of various members of the polycomb gene family with cancer progression and therapy failure; however, the precise molecular mechanisms by which PcG members mediate their role in cancer remains to be elucidated. Given that 480% of NPC worldwide are EBV-positive, these experiments were conducted using the C666-1 NPC line, the only EBV-positive NPC line available. Our data showed a novel function for the BMI1 polycomb gene in conferring radioresistance in NPC, through repression of p53-mediated apoptosis upon DNA damage. NPC cells normally do not undergo apoptosis when exposed to RT ( Figure 3a) ; however, when BMI1 was depleted from the C666-1 cells, this led to significant increase in cytotoxicity and apoptosis, particularly upon RT exposure (Figure 2c and 3a) . Thus, our data are consistent with recent reports of apoptosis induction in tumor cells following BMI1 knockdown and 5-FU treatment. 17, 18 Some of the proposed mechanisms include re-expression of p16 or signaling through PI3K. To that end, we examined P16 expression in C666-1 cells depleted of BMI1. No induction of p16 transcript was observed (data not shown); thus, p16 is unlikely to be involved in mediating cell death in NPC. This was not surprising given that several tumor cell lines (including the C666-1 NPC cells) have p16 silenced through promoter hypermethylation. 19 Consistent with this notion, quantitative methylation analysis showed no alteration in p16 promoter methylation status following BMI1 depletion (data not shown). Similarly, no induction of the P14 arf transcript was observed under these experimental conditions.
The genome-wide microarray analysis was undertaken to acquire insight into downstream effects of BMI1 depletion in C666-1 cells. To date, only a few studies have examined global gene expression following BMI1 knockdown; 20, 21 none has conducted such experiments in combination with DNAdamaging agents such as RT. When human embryonic fibroblasts were depleted of PcG genes, only a small fraction (B10%) of PcG targets were transcriptionally activated, 20 consistent with the current report wherein only 14 transcripts were upregulated (X2-fold) in BMI1-depleted C666-1 cells (Figure 5a , b, and Supplementary Table 1 ). In contrast, when cells were additionally exposed to RT, a significantly greater number of transcripts (505) were induced (Figure 5a , b, and Supplementary Table 2), with several being well-known transcriptional targets of p53, integral to the p53 response induced by DNA damage (Figure 5c and d) . Thus, our data support a model in which depletion of PcG genes on its own is not sufficient to induce the re-expression of PcG-repressed genes, whereas an induction stimulus appears to be necessary for the active transcription of some PcG target genes. Several of the differentially expressed genes in our study (ATF3, BMP2, and so on) were also induced following BMI1 depletion in human embryonic cells, corroborating the published microarray data. 20 The presence of P53 and induction of oxidative stress appeared to be important mediators of cell death inflicted by BMI1 depletion combined with RT (Figure 6a-e) . It has previously been reported that signaling through the P53 pathway can lead to apoptosis under stress conditions (such as RT) through transcription of stress response genes, such as TP53I3, PUMA, SESN1, and SESN2. 22 Several of those genes were also induced in our study, corroborating the role for p53 in inducing cytotoxicity through oxidative damage. Interestingly, BMI1 knockdown did not induce any increase in P53 expression at either the transcriptional or protein levels ( Figure 5e and f) ; thus, it is likely that BMI1 is modulating P53 function post-transcriptionally, or possibly by repressing P53 targets through the PRC1 Figure 5 Genome-wide microarray analysis reveals enrichment for genes in the P53 pathway in BMI1-depleted C666-1 cells and exposed to RT. (a) Treeview representation (left panel) of microarray expression data filtered on a twofold change in siBMI1 plus RT sample compared with control cells showing upregulation (red color) in the majority of transcripts. Venn diagram (right panel) depicting the overlap in genes that were upregulated X2.0-fold in siBMI1, siBMI1 plus RT (4 Gy), and Ctrl plus RT (4 Gy) cells. (b) Validation of microarray data were conducted using qRT-PCR to measure the expression levels of TP53I3, CCNG1, LAMP2, and CRI1, between the siBMI1 plus RT, relative to siCtrl plus RT cells after 72 h transfection. (c) Pathway enrichment analysis for genes upregulated in the siBMI1 plus RT group as a function of specific signaling cascade, the percentage of genes, and the respective P-value, ranked in decreasing statistical significance. (d) Heatmap showing genes in the P53 pathway that were upregulated in cells treated with siBMI1 plus RT, and were significantly enriched (from c); * Additional P53 transcriptional targets which are not part of the KEGG P53 pathway. 40 (e) C666-1 cells were treated with optiMEM, optiMEM plus RT (6 Gy), or transfected with 30 nM of siCtrl, siBMI1, or siBMI1 plus siP53, all with RT (6 Gy) delivered after 48 h. qRT-PCR for the GAPDH, DKK1, TP53I3, or p53 was performed on day 3 post-transfection. (f) C666-1 cells were treated as in (e), followed by total protein extraction, and P53 expression was detected using western blotting on day 3. GAPDH was used as loading control. O, optiMEM; C, siCtrl; B, siBMI1; B þ P, siBMI1 plus siP53 Figure 6 Cytotoxicity in BMI1-depleted C666-1 cells plus RT is mediated through P53 and ROS production. (a) Viability was assessed for C666-1 cells treated with optiMEM (O), optiMEM plus RT (O þ RT), or transfected with 30 nM of siCtrl, siBMI1, or siBMI1 plus siP53 for 72 h, then followed by RT (6 Gy). The MTS viability assay was conducted 6 days post-transfection. The data are presented as mean ± S.E. from two independent experiments, n ¼ 6. or siBMI1, then exposed to RT (6 Gy) after 48 h. Apoptosis was assayed using flow cytometry at 24 h post-RT. Data are presented as mean ± S.D.; n ¼ 3. (e) C666-1 cells were transfected with 30 nM siBMI1 or siCtrl, then on days 2 and 3; cells were treated with the indicated doses of Trolox or DMSO before exposure to 6 Gy RT. Apoptosis was measured on day 4 using flow cytometry as described previously (Figure 3a) . Data are presented as mean ± S.D. from two independent experiments, n ¼ 2. (f) C666-1 cells were transfected with 30 nM siBMI1 or siCtrl (for 72 h), exposed to 0 or 6 Gy, and then implanted into the left gastrocnemius muscle of SCID mice on day 6 post-transfection. Tumor growth was monitored by measuring leg plus tumor diameter over time; the data are presented as mean±S.E. for each group of mice, each arm consisted of five mice per group. (g) Mice in (f) were monitored for survival for up to 6 months. All mice were killed upon reaching the humane end point, and not from any other reason. (h) A proposed model for induction of cell death in C666-1 cells depleted of BMI1 and exposed to RT. RT exposure leads to activation of P53, transcription of several P53 proapoptotic target genes, production of ROS, and induction of apoptosis. In the presence of BMI1 and the PRC1 complex, transcription of those proapoptotic genes, and production of ROS is inhibited, thus rendering cells resistant to RT-induced apoptosis; *Po0.05; **Po0.005; n.s, not significant complex (Figure 6h ). Whether overexpression of BMI1 will lead to similar repression of those targets in normal cells, however, remains to be investigated. Nonetheless, our data are in agreement with a recent report documenting a similar function for BMI1 in repressing P53-dependent apoptosis in neuronal cells, corroborating our current findings in a different system. 23 Several studies have documented the overexpression of BMI1 in the tumor-initiating cells (TI-C) of leukemia, brain, breast, and head-and-neck cancers. [24] [25] [26] [27] The C666-1 cell line has an undifferentiated phenotype, and expresses several stem cell-related genes, such as CD133 (PROM1), CD44, BMI1, and maternal embryonic leucine zipper kinase (MELK; data not shown). Thus, it could be postulated that BMI1 might be conferring radiation resistance in the subset of TI-Cs. In fact, it has recently been shown that the TI-C in a brain tumor model are the subpopulation that survives RT by undergoing transient cell cycle arrest, whereas the remaining bulk population undergoes P53-dependent apoptosis. 28 Similarly, C666-1 cells undergo G1 and G2M arrest in response to RT; yet, only a small fraction, if any, undergoes apoptosis (Figure 3a) . In contrast, BMI1-depleted cells were more prone to apoptotic cell death in response to RT. Similarly, the TI-C from breast cancer cells are also resistant to RT through reduction in ROS levels. 29 In our system, ROS also appears to be a component of the underlying mechanism leading to cell death when depleted of BMI1 then exposed to RT. Thus, our data corroborate the published reports in the literature, and provide a possible mechanism leading to radiation resistance in the TI-C cells, although this remains to be proven. Importantly, the combination of BMI1 depletion and RT completely abrogated tumor-forming capacity of C666-1 cells (Figure 6f and g ), which is not often observed in this tumor model using an siRNA approach. 30 Although these experiments were conducted using transient siRNA transfection experiments, our data showed that the interaction between BMI1 depletion with RT occurs as early as 24 h post-RT (Figure 3a) , which might therefore explain the impressive in vivo data, despite using a transient transfection approach.
In summary, our data are the first to show the role of BMI1 in radioresistance of NPC cells, mediated by repression of P53 signaling and reduction of ROS production. This result provides a broad molecular framework for this process; opportunities for more detailed mechanistic studies remain. The in vivo data support the development of small molecule inhibitors of BMI1, which could be utilized as either a radiosensitizer or a cancer stem cell target in the clinical management of NPC.
Materials and Methods
Patient samples. Seventeen snap-frozen biopsies were obtained from patients with NPC, stored in liquid nitrogen, and analyzed using qRT-PCR. Formalin-fixed and paraffin-embedded (FFPE) NPC patient biopsies were randomly selected for immunohistochemical analysis from an archival bank of materials, which have been evaluated previously. [31] [32] [33] qRT-PCR. Supplementary Table 3 lists all the primer sequences used in this study. To measure BMI1 mRNA expression in primary NPC specimens, qRT-PCR was performed using the ABI PRISM 7900 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). To assess the efficiency of BMI1 knockdown, C666-1 cells were transfected with 30 nM siBMI1 or siCtrl, and at indicated time points, cells were harvested and total RNA was isolated using the RNeasy Mini Kit (Qiagen, Chatsworth, CA, USA). Reverse transcription was performed using SuperScript III Reverse Transcriptase (Invitrogen Corp., Carlsbad, CA, USA) according to the manufacture's recommendations. The relative fold change in RNA expression was calculated using the 2
ÀDDCt method, where the average of DC t values for the amplicon of interest was normalized to that of endogenous control genes (GAPDH or b-actin), compared with control specimens.
Cloning and transfection experiments. Full length BMI1 cDNA was amplified from C666-1 cells using the primers indicated in Supplementary Table 3 , and AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA), and was then ligated into the pcDNA3.1 TOPO vector according to the manufacture's recommendations (Invitrogen).
Immunohistochemical detection of human BMI1 expression. BMI1 immunohistochemistry analysis was evaluated on 4-mm FFPE tumor sections using microwave antigen retrieval, in combination with the Level-2 Ultra Streptavidin system (Signet Laboratories, Dedham, MA, USA). Detection of BMI1 utilized a monoclonal anti-BMI1 antibody (Clone F6, 1 : 50 dilution, Millipore Inc., Billerica, MA, USA).
Cell culture and transfection. The EBV-positive C666-1 NPC cell line 34 was maintained in RPMI 1640 supplemented with 10% fetal bovine serum, 100 mg/l penicillin, and 100 mg/l streptomycin (RPMI-10) at 371C 5% CO 2 . C15 and C17 NP xenograft tumors were passaged in vivo, as described previously. 35 UT-SCC-8 cells were grown in DME H21 medium supplemented with 10% fetal bovine serum, 100 mg/l penicillin, and 100 mg/l streptomycin (RPMI-10) at 371C 5% CO 2. BMI1 SMARTpool (siBMI1), 9 and P53 SMARTpool (siP53) were purchased from Dharmacon (Dharmacon Inc., Lafayette, CO, USA). Control siRNAs were purchased from either Dharmacon or Ambion (Ambion, Austin, TX, USA). C666-1 cells were transfected with the indicated siRNA using the Lipofectamine RNAiMAX (Invitrogen) reverse transfection protocol, according to the manufacturer's instructions. At 48 or 72 h post-transfection, cells were exposed to RT (4 or 6 Gy). UT-SCC-8 cells were transfected using lipofectamine 2000. NOE cells 36 were seeded in a 24-well plate for 24 h before transfection with 1 mg of pcDNA3.1 or pcDNA3.1 BMI1 using lipofectamine 2000. Media was changed 48 h posttransfection, then cells were exposed to 6 Gy RT. Cells were harvested 4 days later, and the proportion of apoptotic cells were quantified using propidium iodine (PI) staining.
Cell viability and measurement of apoptosis. Cell viability was assessed using the soluble tetrazolium salt (MTS) cell proliferation assay as described previously, 36 as these cells are not amenable to clonogenic assays. Briefly, 20 ml of the MTS reagent (Promega, Madison, WI, USA) were added to each well in a 96-well plate at the indicated time points, and absorbance was measured at l 492 . To measure the fraction of cells in the sub-G0-G1 phase of the cell cycle, cells were harvested and washed twice in FACS buffer (PBS/0.5% BSA). Cells were resuspended in 1 ml of FACS buffer, and then 3 ml of ice-cold 70% ethanol was added to fix the cells for 1 h on ice. Cells were washed once, before resuspending in 500 ml of FACS buffer containing 40 mg/ml RNAse A (Sigma, St. Louis, MO, USA) and 50 mg/ml of PI. Cells were incubated at room temperature for 30 min in the dark before being analyzed in BD FACScalibur (Becton Dickinson, San Jose, CA, USA) using FL-2A and FL-2W channels. FACS data were analyzed using FlowJo 7.5 software (Tree Star, San Carlos, CA, USA).
Caspase activation was measured using Promega Apo-ONE Homogeneous Caspase-3-7 Assay. Briefly, cells were transfected with siCtrl or siBMI1, and were exposed to 4 Gy RT after 48 h. At the indicated time points, caspase 3-7 substrates were added according to the manufacturer's specifications. Plates were analyzed using SPECTRAFluor Plus Fluorometer (Tecan US, Inc., Durham, NC, USA) at excitation and emission wavelengths of 485 and 535 nm, respectively.
Inhibition of ROS. C666-1 cells were transfected as described above and at 48 and 72 h post-transfection, the antioxidant, Trolox, (Sigma) was added at 0, 15, 100, and 500 mM (stock 500 mM in DMSO) concentrations. Two hours following the second Trolox treatment on day 3, cells were exposed to 6 Gy RT. Cells were collected on day 4, fixed in 70% ethanol, then stained and analyzed to measure the apoptotic fraction as described above.
Quantitation of c-H2AX. Fifty thousand C666-1 cells were transfected with 30 nM siBMI1 or siCtrl and were exposed to 4 Gy RT after 48 h. Staining for g-H2AX was conducted as described previously. 13 Both attached and detached C666-1 cells were collected at the indicated times post-RT, pelleted by centrifugation, washed in FACS buffer (PBS/0.5% BSA), fixed with 3 ml 70% ethanol, and maintained at À201C. After collecting all samples, cells were pelleted by centrifugation, and rehydrated with 1 ml cold TBS (pH 7.4) plus 4% FBS and 0.1% Triton X-100 (TST) on ice for 10 min. Cells were then centrifuged and resuspended in 200 ml of FITClabeled mouse monoclonal antiphosphorylated (Ser139) histone H2AX antibody (1 : 500 dilution in TST, clone JBW301, Millipore Inc., Bedford, MA, USA) for 2 h at room temperature. Cells were then washed twice in TBS, and analyzed using BD FACScalibur.
TEM. C666-1 cells were transfected with siCtrl or siBMI1, then exposed to 4 Gy as described above. Cells from five transfection replicates were harvested at the indicated time points, and TEM was then performed (University of Toronto Microscopy Imaging Laboratory, Toronto, ON, USA), as described previously. 37 Briefly, harvested cells were fixed using a mixture of 4% paraformaldehyde and 2.5% glutaraldehyde in a 0.1 mol/l Sorensen's phosphate buffer, pH 7.2. Cells were post-fixed with 1% osmium tetroxide, dehydrated with ethanol, washed with propylene oxide, treated with epoxy resin, polymerized at 601C for 48 h, sectioned on a Reichert Ultracut E microtome (Leica Inc., Deerfield, IL, USA) to 80-nm thickness, collected on 300 mesh copper grids, and counterstained with uranyl acetate and lead citrate. Analysis was performed using a Hitachi H7000 transmission electron microscope (Hitachi, Tokyo, Japan) at an accelerating voltage of 75 kV.
Immunoblotting. C666-1 cells were transfected with 30 nM siBMI1 or siCtrl and 72 h post-transfection; cells were harvested and lysed in 1 M Tris-HCl (pH 8), 5 M NaCl, and 1% NP40 plus protease inhibitor cocktail (Roche Diagnostics, Quebec, Canada). Protein concentration was determined using the Bio-Rad Detergent-Compatible Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA). In al, 20 mg of protein were loaded onto 10% Tris-glycine protein gels (Invitrogen) for electrophoresis. The protein was then transferred onto a nitrocellulose membrane using a Trans-Blot S.D. Semi-Dry Transfer Cell (Bio-Rad) and blocked using TBST (0.1% Tween-20 plus 5% fat-free dry milk). The membrane was probed with rabbit polyclonal anti-BMI1 antibody (1 : 100 dilution, Abcam, Cambridge, MA, USA), and anti-GAPDH antibody (Abcam, Cambridge, MA, USA). Immunoblotting for P53 was conducted using the anti-P53 monoclonal antibody (clone 1C12, 1 : 1000 dilution; Cell Signaling Technology, Danvers, MA, USA)
Microarray and bioinformatic analyses. C666-1 cells were transfected with 30 nM siBMI1 or siCtrl, and at 48 h post-transfection, half of the transfected cells were exposed to 4 Gy RT. Total RNA was extracted from five transfection replicates of irradiated and nonirradiated cells, 17 h post-RT, using the Qiagen RNeasy kit (Qiagen) according to the manufacturer's instruction, and tested for quality using the Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Palo Alto, CA, USA). Extracted RNA was labeled and hybridized onto the Affymetrix GeneChip Human Genome U133 Plus 2.0 array (Affymetrix Inc., Santa Clara, CA, USA), which includes over 47 000 human transcripts. All procedures were conducted at the University Health Network Microarray center (Toronto, ON, USA).
Data normalization was performed using GeneSifter software (GeneSifter.Net, VizX Laboratories, Seattle, WA, USA). Only genes with 'present' cell showing a X2-fold change in expression over lipofectamine and siCtrl-transfected cells were included in the analysis. Heatmaps were generated using heatmap builder version 1.1 software (http://ashleylab.stanford.edu/tools_scripts.html) or Microsoft excel 2007. Gene overlap was assessed using the gene list Venn diagram tool (http:// mcbc.usm.edu/genevenn/genevenn.htm). Differentially expressed genes were mapped onto KEGG pathways using DAVID Bioinformatics Database functional annotation tools (http://david.abcc.ncifcrf.gov/). 38 Tumor formation. All animal experiments were conducted in accordance with the guidelines of the Animal Care Committee, University Health Network. For tumor formation assays, 5 Â 10 4 C666-1 cells were transfected with 30 nM siBMI or siCtrl. After 72 h, where indicated, cells were exposed to 6 Gy RT using a 137 Cs unit (Gamma-cell 40 Extractor; Nordion International, Inc., Ontario, Canada) at a dose rate of 1.1 Gy/min. On day 6, cells were harvested, resuspended in 100 ml PBS, and then injected intramuscular (IM) into the left gastrocnemius of 6-8-week-old female SCID mice. Tumor growth was monitored by measuring tumor plus leg diameter as described previously. 36, 39 Statistical analysis. Statistical analyses and graphing were performed using Microsoft excel and Graphpad Prism 4.0 software (Graphpad software, San Diego, CA, USA).
